The present study assessed the potential use of clearing nut seed powder (Strychnos potatorum) as an adsorbent for the removal of Co(II) ions from aqueous solutions. Based on FTIR analysis, the adsorbent possesses hydroxyl, C-N, and C-O functional groups and SEM analysis indicated the presence of uneven porous surface structure, which is important for adsorption. Batch adsorption studies were performed to investigate the effect of contact time, initial pH, initial Co(II) concentration, adsorbent dosage, and temperature on adsorption. The Langmuir isotherm model provided the best explanation to experimental data with the highest correlation coefficient and the maximum monolayer adsorption capacity obtained was 4.245 mg/g. The pseudo-second-order kinetic model fitted well with the adsorption kinetic data. Sorption thermodynamic data showed that the adsorption process is spontaneous and exothermic in nature. The clearing nut seed powder obtained after surface modification by acid treatment showed a higher adsorption capacity.
Introduction
It is common knowledge that rapid industrialization has accelerated the release of toxic heavy metals to natural water bodies. As a result, contamination of water by toxic heavy metals has become a worldwide environmental problem [1] . Cobalt containing compounds are widely used in hard metal, electroplating, paint, pigment and electronic industries [2, 3, 4] . High levels of cobalt in water have been reported from several countries including Bangladesh [5] and Nigeria [6] increasing the risk of exposing to high cobalt levels. With Cobalt exposure health problems such as diarrhea, paralysis, low blood pressure, lung irradiation and bone defects may arise [7] .
Many treatment methods are employed for the removal of heavy metals including electrocoagulation [8] , membrane filtration [9] , chemical precipitation [10] , coagulation-flocculation [11] , ion exchange [12] and electrodialytic method [13] . As adsorption is a simple, cleaner, rapid and cheap method, it is considered as one of the most effective pollution control technology for the removal of heavy metal ions from aquatic systems [14, 15] .
Studies have been carried out to remove Co(II) ions from aqueous solutions utilizing adsorbents including Saudi activated bentonite [2] , Cross-Linked Calcium Alginate Beads [16] , banana peels [17] , montmorillonite [18] and Kaolinite [19] .
Clearing nut is a member of the kingdom Plantae belonging to the order of Gentianales of the Loganiaceae family. This plant species is found in India, Burma, and Sri Lanka and it is commonly known as "Igini" in Sri Lanka [20] . The seeds of this plant are quite popular among the rural community as a natural water purifier and these seeds are widely used in Ayurvedic and traditional medicine as well [21] . Clearing nut seeds have the ability to remove turbidity from aqueous solutions due to the presence of polyelectrolytes, proteins, lipids, carbohydrates, and alkaloids [22] . Recently studies have been done to investigate the capacity of this seed powder to bind metal ions [14, 23] . However, the potential of clearing nut seed powder for the removal of Co(II) ions has not yet been investigated.
Herein, we explore the potential of clearing nut seed powder for the removal of Co(II) ions from aqueous solutions, the isotherms, thermodynamics and kinetics of the adsorption process, and the influence of biomass, pH, initial metal concentration, contact time and temperature in Co(II) ions adsorption.
Materials and methods

Preparation of clearing nut seed powder
The clearing nut seeds (Strychnos potatorum) were collected from the Embilipitiya district, Sri Lanka and washed with distilled water to remove dust particles and impurities. After drying the wet plant material under the sunlight, it was ground to reduce the particle size and sieved to obtain 250-500 μm size fraction (average particle size 375 μm) [24] . The obtained clearing nut seed powder (CNSP) was stored in sealed plastic bags to avoid the effects of moisture. It is important to keep the sample away from moisture to prevent the errors that may occur during weighing a constant amount of adsorbent material for batch adsorption studies.
Preparation of Co(II) solutions
The 500 ppm Co(II) stock solutions were prepared in 500.00 cm 3 volumetric flask by dissolving 1.247 g of Co(NO 3 ) 2 .6H 2 O in distilled water and the stock solutions were diluted to prepare the desired concentrations. The aqueous phase pH was adjusted using 0.1 M HCl and 0.1 M NaOH solutions.
Characterization studies
IR spectrum of CNSP was obtained using Thermo Fisher SCIENTIFIC NICOLET iSIO IR spectrometer with spectral range 4000-400 cm À1 and the SEM analysis was carried out with ZEISS EVO LS 15 microscope with an acceleration voltage of 10.00 kV to observe the surface morphology of the CNSP before and after interaction with metal ions. Before examination, the samples were coated with gold to prevent charge buildup on the samples. The surface area and the average pore radius of CNSP were determined using automated gas sorption analyser according to the BET multipoint technique (Model: Anton Parr Quanta Tech (AUTOSORB IQ-MP (1 STAT) VITON).
The residual metal ion concentrations were analysed with Flame Atomic Absorption Spectrophotometer (FAAS) Thermo scientific iCE 3000 series. Thermo Scientific SOLAAR software allowed quick and easy optimization of the method.
The standard solutions were prepared by diluting the standard 1000 ppm Co(II) stock solution. The instrument was calibrated within the linear range of analysis and a correlation coefficient (R 2 ) of 0.99-1.000 was obtained for the calibration curve.
Batch adsorption tests
The effect of adsorbent dose, initial metal ion concentration, temperature, contact time and pH on adsorption of Co(II) ions on to CNSP was determined by conducting batch adsorption studies. These experiments were carried out in 250 ml stoppered conical flasks by adding the required quantity of CNSP in 100 ml of the adsorbate of the desired concentration and desired solution pH. The samples were equilibrated by shaking at 200 strokes per minute in a temperature-controlled shaker. Then at a pre-determined time, 20 ml of metal solution was pipetted out, centrifuged for 10 min and the supernatant was collected into clean sample bottles. The Air-acetylene flame of the atomic absorption spectrophotometer was used to analyse the remaining residual metal ion concentration. Eq. (1) was used to express the results as % removal.
where C o and C t are the initial and final metal ion concentrations in ppm. The amount of metal ions adsorbed by the adsorbent was calculated using Eq. (2).
where q is the adsorption capacity (mg g À1 ), C e is the equilibrium concentration of the metal ions in ppm, V is the volume of metal ions in the solution in dm 3 and W is the mass of adsorbent added in grams.
A blank analysis was conducted to measure the adsorption of Co(II) on walls of glass stoppered conical flasks. For the blank analysis, 100 ml of the 20 ppm metal ion solution and all other reagents used in adsorption study were added except CNSP. This was agitated for 180 min at 30 C with the shaking speed of 200 strokes per minute and the concentration of the solution was analysed by using atomic absorption spectrophotometer.
2.5. Comparison of surface modified clearing nut seed powder with the surface unmodified clearing nut seed power
The seeds were washed with distilled water to remove the dust particles, dried under the sunlight and made into powder. The obtained powdered material was treated in a 2:1 ratio (acid: seed powder) with concentrated sulphuric acid for about 24 h. Then the excess acid present in the system was removed by washing the material with distilled water until the pH of the supernatant reaches the pH value of 7. The wet solid material was dried at 105 C for 3 h. The dried material was grounded, sieved to obtain a 250-500 μm size fractions and stored in sealed plastic bags [23, 25] .
Results and discussion
Characterization
The responsible functional groups for the metal ion adsorption can be identified performing FTIR spectral analysis.
According to Figure 1 , the broad and strong band observed around 3339 cm À1 can be assigned to O-H stretching vibration. The peaks observed around 2930 cm À1 can be attributed to C-H stretching vibration by alkyl groups. The peak at 1634 cm À1 occurs due to the bending vibration mode of water. The presence of C-N stretching vibration is indicated by the peak around 1121 cm À1 . CH 2 bending vibration is indicated by the peaks around 1344 cm À1 . The presence of C-O-C stretching vibrations and C-O stretching vibrations of alcohol indicated by the peak at 1033.54 cm À1 [26] . Figure 2 shows the changes in FTIR spectra before and after the metal ion binding process into CNSP. It can be observed that there is a reduction in peak intensities after metal ion binding process. This peak intensity reductions are especially visible around 3340 cm À1 , 1121 cm À1 and 1033 cm À1 which suggest the participation hydroxyl, C-N and C-O functional groups in the adsorption of Co(II) ions by the adsorbent [27] .
The SEM analysis was performed to observe the surface morphology of CNSP before and after adsorption of metal ions and the representative images are shown in Figure 3 According to Figure 3 (c, d), the surface morphology of the adsorbent has changed after the interaction with Co(II) ions. Figure 3 (a, b) show that CNSP possesses irregular and porous surface structure. This structure reveals the possibility of metal ions penetration into these pores which leads to enhancement of adsorption [28] . The porosity of the seed powder surface has been greatly reduced after adsorption of Co(II) ions which may have occurred due to the bond formation with the functional groups present on the adsorbent. Based on the results, it can be suggested that adsorbent morphology favours metal ion adsorption.
The surface area of the CNSP is 10.214 m 2 /g and the average pore radius is 1.53353eþ00 nm.
Effect of contact time and adsorption kinetics studies
The adsorption of Co(II) ions onto the surface of glass conical flasks is negligible according to the blank analysis.
The impact of agitation period on the Co(II) ions adsorption process is shown in Figure 4 . As can be seen, the adsorption process occurs quite rapidly at initial stages. Thereafter percentage removal values tend to increase at a very slow rate finally reaching equilibrium around 120 min of contact time.
When consider the general trend of adsorption, at the initial stages the adsorption process occurs rapidly due to the abundant availability of accessible binding sites on the surface of the adsorbent [29, 30] . With time, due to the generation of repulsive forces between the metal ions on the adsorbent and aqueous solution, it becomes difficult to occupy the remaining vacant sites on the adsorbent leading system to equilibrium [31] .
The rate and the rate of controlling step of the Co(II) ions adsorption process on to the CNSP can be explained with the aid of the kinetic models. The pseudo-first-order model [32] , pseudo-second-order model [33] , intraparticle diffusion model [34] , and liquid film diffusion model [35] are widely used to investigate the adsorption mechanism and 
where k 1 (min À1 ) is the equilibrium rate constant of pseudo-first-order adsorption, k 2 is the rate constant for pseudo-second-order adsorption (g mg À1 min À1 ), q t denotes the amount of solute adsorbed onto adsorbent surface at time t (mg g À1 ), q e is the amount adsorbed onto adsorbent surface at equilibrium (mg g À1 ) and t is the time (min).
The liquid film diffusion model (Equation 5) and the intraparticle diffusion model (Equation 6) can be used to further evaluate the ratecontrolling step.
where F is the fractional attainment of equilibrium (q t /q e ), k fd is the film diffusion adsorption rate constant (min À1 ), C is the intercept of the intraparticle diffusion model (mg g À1 ) related to the mass transfer across the boundary layer and k id is the intraparticle diffusion rate constant (mg g À1 min À1/2 ). Effect of agitation period data was fitted to the pseudo-first-order model, pseudo-second-order model, intraparticle diffusion model, and liquid film diffusion model to study the adsorption kinetics. The obtained results are summarized in Table 1 and Table 2 .
According to the results, the-pseudo-second-order model has given correlation coefficient (R 2 ) values almost equal to unity and a better consistence can be observed between the calculated equilibrium adsorption capacity values and experimental adsorption capacity values when compared to the other kinetic models. This model is based on the assumption that chemisorption is the rate-limiting step [36] . It is applicable to predict the behavior over a whole range of adsorption and use to describe the chemisorption involving valency forces through the sharing or exchange of electrons between the adsorbent and adsorbate as covalent forces and ion exchange [37] . Therefore it can be suggested, the adsorption of Co(II) ions on to the CNSP obeys the pseudo-second-order model suggesting rate-limiting step could be chemisorption. The generated kinetics curves are given in Figure 5 .
Effect of initial metal ion concentration and adsorption isothermal studies
The influence of initial metal ion concentration on the removal of metal ions was investigated in the range of 10 ppm-60 ppm and the acquired results are given in Figure 6 . An increasing trend was observed in the percentage removal with the increment of adsorbate concentration as a limited number of Co(II) ions compete for the available active sites present on CNSP reaching the maximum removal at around 20 ppm. Further enhancement of initial metal ion concentration resulted in a reduction of percentage removal. The ratio of metal ions to active sites was high at higher metal ion concentrations hence the percentage removal was observed to decrease with increasing metal ion concentration and also the repulsive forces among adsorbate molecules increase the dispersion, minimizing the adsorption in to the interior surface of the adsorbent leading to low percentage removal values [14, 38] .
The isotherm models explain the distribution of Co(II) ions between the CNSP (solid phase) and the liquid phase at a constant temperature (30 C) at equilibrium. In the present study, the batch adsorption data obtained from the effect of initial metal ion concentration was fitted to Langmuir [39] , Freundlich [40] , and Dubinin-Radushkevich (D-R) models [41] which are represented by Eqs. (7) , (8) , and (9) respectively and the results are summarized in Table 3 .
qe ¼ K Ce 
ln q e ¼ ln q m À βε 2
where q e denotes the amount of solute adsorbed per unit mass of adsorbent at equilibrium (mg g À1 ), X m is the amount of solute required to form a complete monolayer (mg g À1 ), C e is the residual liquid phase concentration at equilibrium (mg dm À3 ) and b is the adsorption coefficient or Langmuir constant, 1/n and K are Freundlich constants, q m is the theoretical isotherm saturation capacity (mg g À1 ), β is a constant related to the mean free energy of adsorption (mol 2 J À2 ). The D-R constant , is given by; where R is the universal gas constant (J K À1 mol À1 ) and T is the absolute temperature (K) at equilibrium. Based on the results, the best explanation to experimental data was provided by the Langmuir adsorption isotherm model within the considered concentration range with a correlation coefficient (R 2 ) of 0.9944 (Figure 7) . The calculated maximum adsorption capacity for the adsorption was 4.245 mg g À1 and the calculated Langmuir constant was 0.060 dm 3 mg À1 at 30 C. This model is based on the assumption that metal ions adsorb onto localized active sites, no interaction between adsorbed molecules and the adsorption sites present on the adsorbent are energetically equivalent having the same affinity for adsorption of a layer of single molecules [42] .
However, the formation of a multilayer on the CNSP also seems to be possible as the adsorption data fitted well with the Freundlich isotherm model as well. According to the results, the adsorption process is more likely to undergo monolayer formation along with multilayer coverage.
Effect of temperature and sorption thermodynamics
The effect of temperature on adsorption of Co(II) ions on to CNSP was investigated at 30, 40, 50 and 60 C as shown in Figure 8 . As can be seen, the percentage removal values tend to decrease as the temperature increases from 30 C to 60 C indicating that the adsorption process is indicates the particular reaction is spontaneous exothermic. The bonds formed between the metal ions and the binding sites rupture at high temperatures, thus decreasing the percentage removal [43] . The spontaneity of an adsorption process can be explained by the free energy change (ΔGº). If ΔGº is a negative value at a given temperature that indicates the particular reaction is spontaneous. ΔG value can be calculated using Eq. (11) where, K 0 is the equilibrium constant of the process at a certain temperature, R (J K À1 mol À1 ) and T (K) are universal gas constant and absolute temperature respectively.
According to literature, approximation of Langmuir equilibrium constant to the thermodynamic equilibrium constant is reasonable for a diluted solution with a charged adsorbate [44] . Langmuir isotherm plots were generated at 30, 40, 50 and 60 C as given in Figure 9 to calculate the thermodynamic equilibrium constant at each temperature. Table 4 summarises the obtained parameters from the plots, Gibbs free energy changes, and the calculated thermodynamic equilibrium constant values. According to the table, the calculated Gibbs free energy values are negative which indicates that the adsorption process is feasible and spontaneous in nature and the spontaneity decreases as the temperature increases from 30 C to 60 C suggesting physisorption mechanism is taking place during adsorption.
The enthalpy change (ΔH o ) and the entropy change (ΔS o ) for the adsorption process were calculated by plotting lnK o against 1/T as shown in Figure 10 , based on the relationship given by Equation 12 [45] .
The negative (ΔH o ) value of -23.03 kJ mol À1 indicates the exothermic nature of Co(II) ions adsorption on to CNSP and the (ΔS o ) value of -7.962 J mol À1 K À1 confirms that metal ions concentration at the solid-liquid interface is reduced during adsorption [46] .
Effect of pH
The pH effect on the adsorption of metal ions was investigated varying the pH of the solution from two to seven for 20 ppm initial metal ion concentration as given in Figure 11 . When the pH of the medium increases, the adsorbate may get precipitated as Co(OH) 2 which can lead to higher percentage removal values [2] . Due to that reason, the analysis was restricted to the pH value seven.
As shown in Figure 11 , removal of metal ions tend to increase with increasing pH up to about pH 5 and thereafter change in percentage removal was low.
At low pH values, the abundant availability of H 3 O þ ions in the solution phase creates a competition between the adsorbate (Co(II) ions) and H 3 O þ ions for the binding sites on the CNSP leading to low percentage removal values. On the other hand, the functional groups present on the adsorbent get protonated at low pH values, generating repulsive forces between the adsorbent and adsorbate preventing the attraction of Co(II) ions onto the surface of adsorbent [47] . With the increment of pH, the adsorbent surface get deprotonated creating negative charges on the surface of CNSP, allowing the adsorption of positively charged metal ions and thereby increasing the percentage removal. Based on the above-discussed factors, the pH of the medium seems to have a considerable effect on the adsorption process.
Effect of adsorbent dosage
The adsorbent dosage was increased from 0.05 g to 0.4 g to investigate the adsorbent dosage effect on Co(II) ions adsorption on to CNSP while keeping all the other parameters constant (Figure 12 ). With the increment of adsorbent dosage, more metal ions got removed from the solution as more binding sites are available for the binding of Co(II) ions along with increased specific surface area [48] . Beyond 0.3 g further increment in CNSP dosage didn't show considerable effect on the percentage removal due to the overlapping of binding sites and the aggregate formation of the adsorbents at high adsorbent dosage levels [36, 49] .
Comparison of surface modified clearing nut seed powder with the surface unmodified clearing nut seed power
Research has been done to improve the adsorption capacity of adsorbents by chemically modifying them. In the present study the sulfuric acid surface modification method was used to chemically modify the adsorbent. The acid modification method increases the number of binding sites available on the adsorbent by enhancing the porosity of the adsorbent and by reducing the organic matter content [50] . The adsorption capacity of the surface modified adsorbent was found to be as 2.838 mg g À1 for 20 ppm initial metal ion concentration, 0.3 g adsorbent dosage, 180 min contact time at 30 C. Under the same conditions, the adsorption capacity of the surface unmodified CNSP was 1.825 mg g À1 . Therefore the surface modification has increased the adsorption capacity of the adsorbent. Table 5 compares the adsorption capacity of some other adsorbents for Co(II) ions adsorption with the CNSP.
Comparison of adsorption capacity of CNSP with other adsorbents
Conclusion
The potential of the clearing nut seed powder for the removal of Co(II) ions from aqueous solutions was investigated in the present study. The major findings are summarized as follows. The optimum conditions for the maximum removal of Co(II) ions by the adsorbent were found to be: 0.3 g in 100 ml of the adsorbate solution at pH 5 for 120 min contact time at the temperature of 30 C. The percentage removal of Co(II) ions reached to a maximum around 20 ppm initial metal ion concentration with an adsorption capacity of 1.862 mg g À1 . The adsorption equilibrium data fitted well to the Langmuir and Freundlich isotherm models suggesting the presence of monolayer and multilayer adsorption mechanisms for the Co(II) ions adsorption by the adsorbent. The best isotherm model could be considered as the Langmuir model based on the highest correlation coefficient value obtained. The maximum monolayer adsorption capacity of the clearing nut seed powder for the removal of Co(II) ions was found to be 4.245 mg g À1 . The adsorption kinetics revealed that the pseudo-second-order kinetic model fitted well to the adsorption of Co(II) ions by the adsorbent indicating that the adsorption process followed chemisorption. The thermodynamic studies indicated Figure 10 . Plot of ln K 0 versus 1/T for the estimation of thermodynamic parameters for Co(II) adsorption process. Figure 11 . The effect of pH on percentage removal of Co(II) by clearing nut seed powder at 20 ppm initial concentration, 30 C, adsorbent dosage 0.300 g/ 100 ml and particle size 250-500 μm for 180 min contact time. The error bars represent the standard deviation for three separate sample runs. that the adsorption process is feasible, spontaneous and exothermic in nature. The FTIR analysis indicated the presence of various functional groups in clearing nut seed powder such as hydroxyl, C-N and C-O functional groups which might be participated in metal ion removal. The SEM analysis suggested that adsorbent possesses an irregular surface structure with tiny pores on it, which could be related to the metal uptake by the adsorbent. The surface modified clearing nut seed powder showed higher potential for the removal of Co(II) ions when compared with surface unmodified clearing nut seed powder. However, further investigations should be carried out to identify the optimum conditions for the removal of Co(II) ions from aqueous solutions using surface modified clearing nut seed powder as an adsorbent.
Declarations Table 5 . Adsorption capacities of reported adsorbents for Co(II) ions adsorption.
Adsorbent Adsorption Capacity (mg/g) References
South African coal fly ash 0.40 [51] Ficus benghalensis leaf powder 5.65 [52] Banana peel 2.55 [17] Coal based Granular Activated Carbon 0.34 [53] Orange peel 1.82 [17] Ficus religiosa leaf powder 3.60 [54] Cross-Linked Calcium Alginate Beads 1.38 [16] Kaolinite 0.92 [19] Saudi activated bentonite 7.3 [2] Montmorillonite 6.92 [18] Clearing nut seed powder 4.25 This study K.H. Ranaweera et al. Heliyon 6 (2020) e03684
